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In the decade since the ﬁrst isolation and identiﬁcation of graphene, the scientiﬁc community is still
ﬁnding ways to utilize its unique properties. The present review deals with the preparation and phys-
icochemical characterization of graphene-based elastomeric nanocomposites. The processing and char-
acterization of graphene and graphene oxide are described in detail, since the presence of such ﬁllers in
an elastomeric matrix affects dramatically the properties of the nanocomposite samples. Several prep-
aration routes for the efﬁcient dispersion of graphene in elastomers are then discussed, while aspects
such as the interfacial bonding between the ﬁller and the matrix or interactions between the ﬁllers have
been thoroughly analysed. Different types of graphene/elastomer nanocomposites are described in terms
of their manufacture and properties and it has been shown that depending on the type of graphene
employed and the preparation methods, the mechanical, thermal, electrical and barrier properties of the
elastomeric matrix can be enhanced due to the presence of graphene, even at relatively-low ﬁller
loadings. In most cases, the formation of a ﬁller network can play a major role in the improvement of the
overall performance of the material.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Contents
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Elastomers, according to the general IUPAC deﬁnition, are
polymers that exhibit rubber-like elasticity [1]. Their general
characteristics involve viscoelastic behaviour, a low modulus of
elasticity, a high failure strain alongwith very weak inter-molecular
forces. Among other properties, elastomers provide good heat
resistance, ease of deformation at ambient temperatures and
exceptional elongation and ﬂexibility before breaking. These
properties have established elastomers as excellent and relatively
cheap materials for various applications in many sectors including
automotive, industrial, packaging, healthcare and many others. The
history of elastomers goes at least 3000 years ago, when the ancient
Mesoamerican people started collecting and using natural rubber
[2] but its use grew rapidly after the development of vulcanization
technology in 1839 by Charles Goodyear and Thomas Hancock [3].
Nowadays the elastomer industry is huge because of the wide
commercial penetration of speciﬁc materials accompanied by an
increased industrial and academic interest, resulting in a steady rise
in global annual revenues, predicted to be US56$ billion by 2020
[4].
This interesting and extremely popular class of materials has
inevitably been involved in the development of polymer-based
nanocomposites which have emerged over recent decades [5e11].
Elastomers can be used effectively as polymeric matrixes and the
polymer nanocomposites that are formed exhibit signiﬁcantly
improved properties. Elastomeric nanocomposites, however, de-
mand preparation procedures that are different than most
polymer-based nanocomposites; the vulcanization process to
which they are subjected demands the use of a cross-linking acti-
vator, while the composite samples must be cured at a speciﬁc
temperature and time prior to use (Fig. 1). High-performance
elastomeric nanocomposites have been produced by several
research groups in the past with the incorporation of different
types of inorganic ﬁllers such as silica nanoparticles, layered sili-
cates, carbon black, multi-walled carbon nanotubes and other
nanomaterials [12e22]. Each type of ﬁller affects the ﬁnal proper-
ties of the nanocomposite in a different way due to their structuraland geometrical characteristics, but in order to achieve signiﬁcant
enhancement of the initial physicochemical attributes of the elas-
tomers, a homogeneous and uniform dispersion of the ﬁllers must
be achieved. For this reason, nano-ﬁllers are commonly modiﬁed
chemically with functional groups, in order to increase the ﬁller-
ematrix interactions and bonding whilst simultaneously
decreasing the ﬁllereﬁller interactions and/or increasing the
interlayer distance [23].
Apart from the continuous developments in the ﬁeld of elasto-
meric materials, signiﬁcant progress has also been made on the use
of inorganic ﬁllers as reinforcements, since the ﬁrst incorporation
of clays in a nylon-6matrix by the Toyota group [24e26]. Graphene,
a carbon allotrope with a planar monolayer of carbon atoms ar-
ranged in a 2D honeycomb lattice, is the most exciting materials
discovery of the 21st century so far and has attracted the interest of
many scientiﬁc groups as it possesses intriguing properties that can
be utilized in various applications such as electronic devices, en-
ergy storage materials, shielding and anti-static coatings and
obviously, nanocomposites. Its properties include an exceptional
modulus of elasticity (z1 TPa), high thermal conductivity (up to
5000 W/mK), very high electron mobility, almost 98% optical
transmittance and a large speciﬁc surface area [27e32]. Graphene,
was successfully isolated and identiﬁed in Manchester by Geim and
coworkers in 2004 [33], while the previous attempts to prepare
free-standing single-layer graphene remained unsuccessful, due to
the common perception that, as a 2D crystal, it would be thermo-
dynamically unstable [34]. Over recent years, several polymer
nanocomposites reinforced by single- and few-layer graphene have
been studied in detail and signiﬁcant enhancements in various
physicochemical aspects of those materials have been reported.
Another encouraging factor in the use of graphene in polymer
nanocomposites, is that it has been realized that even a small
quantity of the nano-ﬁller can lead to signiﬁcant improvements in
properties; therefore graphene which (at the moment) is not easy
to prepare in bulk quantities, is an ideal candidate for the use in this
class of material.
Several reviews have already dealt with the use of graphene in
nanocomposites including thermosets and thermoplastics as
Fig. 1. Flow chart illustrating the formation of an elastomer composite. (After [23]). A colour version of this ﬁgure can be viewed online.
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ture which this review aims to ﬁll, dealing with speciﬁcally ad-
vances regarding graphene-based elastomer matrix
nanocomposites. Up to now, only Sadasivuni et al. have dealt with
the speciﬁc subject, but they included a number of graphitic forms,
ranging from graphite to graphene in their review [42]. Emphasis
will be given here to the techniques used in the preparation of
graphene, elastomers and nanocomposites, along with the physi-
cochemical properties obtained and the applications of the ﬁnal
materials.2. Graphene
Geim and Novoselov point out in their review [27] that gra-
phene is the mother of all graphitic forms of carbon, since it can be
used as a 2D building material for the assembly of carbon nano-
materials in other dimensions; it can produce 0D buckyballs by
wrapping, 1D nanotubes by rolling or 3D graphite by stacking
(Fig. 2). The honeycomb lattice of graphene consists of two equiv-
alent sub-lattices, where the carbon atoms are bonded together
with s bonds. Ideally, graphene is a perfectly ﬂat, single-layer
material. In reality, however, ripples are formed due to thermal
ﬂuctuations, which along with associated waviness may affect its
ability to reinforce composite materials. On the other hand, few-Fig. 2. Carbon allotropes based upon 2D graphene.
Reproduced with permission from Ref. [27] Copyright 2007, Nature Publishing Group.
A colour version of this ﬁgure can be viewed online.and many-layer graphenes may be as relevant as single-layer ma-
terial in applications such as nanocomposites [43].
2.1. Preparation methods
The increased interest in graphene, especially for nano-
composites, has led to the development of methods for the pro-
duction of a defect-free, low cost material in large quantities. The
thickness, structure and eventual properties of the graphene pro-
duced, are strongly dependent upon the production method
employed. Some of themost popular approaches that are nowadays
used for the production of graphene will be discussed next.
2.1.1. Mechanical exfoliation
This relatively simple method was employed by Geim and co-
workers in 2004 to ﬁrst prepare monolayer graphene and has
subsequently become famous in the scientiﬁc community [33]. It
involves the repeated peeling of graphene layers from natural
graphite or highly-oriented pyrolytic graphite using ‘Scotch’ tape.
With this method, the number of graphene layers can be controlled,
while the dimensions of the graphene ﬂakes are of the order of tens
of microns, generally limited by the grain size of the graphite. The
speciﬁc method can produce high-quality graphene with good
properties. It cannot, however, be scaled up to produce graphene in
large enough quantities to be used in nanocomposites, except for
research purposes with model specimens [44,45].
2.1.2. Liquid-phase exfoliation
The liquid-phase exfoliation method includes the exposure of
graphite in organic solvents such as N-methyl-pyrrolidone [46],
dimethyl-formamide [47], dimethylsulfoxide [48], tetrahydrofuran
[49] or other types of solvents (e.g. perﬂuorinated aromatic [50])
and proceeds in the following stages; dispersion in a solvent,
exfoliation and puriﬁcation [51] (Fig. 3). This process is very effec-
tive since the energy that is provided to the solvent-graphene
mixture through sonication facilitates the exfoliation, while the
energy from the grapheneesolvent interactions may also aid the
process. Therefore it follows that a prerequisite for this method is to
ﬁnd a suitable solvent with surface tension equal to or higher than
the grapheneegraphene interaction energy. Typically organic sol-
vents are most effective for use with the speciﬁc method, but
aqueous-surfactant suspensions have also proven efﬁcient as
demonstrated in the work of Coleman et al. [52]. There have also
been recent reports of the exfoliation being undertaken in aqueous
mixtures of graphite and inorganic salts such as NaCl and CuCl2
[53]. The advantage of these methods is that there are a signiﬁcant
number of solvents that can be used for the production of high-
quality graphene and the number of commercial applications that
can utilize the materials produced is high. The yield efﬁciency of
graphene can, however, be quite small. Also, the electrical
Fig. 3. Liquid exfoliation process of graphite in the absence (top-right) and presence (bottom-right) of surfactant molecules.
Reproduced with permission from Ref. [51] Copyright 2014, Royal Society of Chemistry. A colour version of this ﬁgure can be viewed online.
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to graphene oxide, thought to be the result of poor transport at
contacts between the graphene sheets [54]. In terms of composite
materials, thismethod is convenient for the production of graphene
that can be used in a solution blending procedure with the matrix.
However, this process is not eco-friendly, it is expensive and cannot
be scaled up easily, which is why it is not currently being used on an
industrial scale.
2.1.3. Thermal exfoliation
Thermal exfoliation is a method that uses a thermal shock
procedure in order to produce exfoliated graphene. Graphite
nanoplatelets of the order of 10 nm thick can be produced by the
rapid microwave heating of acid-intercalated graphite [55]. This
vaporizes the acid within the graphite layers and causes rapid
expansion of the graphite galleries. The prerequisite for this
method when starting with graphite oxide is to induce faster
decomposition of the epoxy and hydroxyl groups of graphite oxide
in comparison with the diffusion rate of the evolving gases, thus
yielding pressures that can exfoliate the graphene sheets by over-
coming the van der Waals forces between the stacks of graphene
[56]. More speciﬁcally, high temperatures (1050 C), high pressure
(700 m2 g1) and fast heating rates (>2000 C/min) are required in
order to achieve complete exfoliation of graphite [57,58]. This
method generates few- and many-layer graphene, which still
possess some of the desired properties of single-layer graphene and
has the additional advantage that it can produce graphene in bulk
quantities. For these reasons, graphene produced by thermal
exfoliation is most commonly used for the production of nano-
composite materials, which require large quantities of the ﬁller.
2.1.4. Chemical vapour deposition (CVD)
Chemical vapour deposition on Ni substrate, ﬁrst emerged as a
method for the production of graphene back in 2008 [59]. Duringthe CVD process, gaseous reactants are deposited onto a substrate.
More speciﬁcally, the gas species are fed into the reactor and
through a hot zone, where the hydrocarbon precursors decompose
to carbon radicals at the metal substrate surface [60]. When the
gases come into contact with the substrate surface within the re-
action chamber, the reaction that occurs, leads to the formation of a
material ﬁlm on the substrate surface. It is very important to adhere
to the guidelines during themethod, such as the temperature of the
substrate or the disposal of the waste gases, for the production of
high-quality graphene. Several substrates have been investigated
recently for the deposition of graphene [61,62] and copper is now
widely used. A range of different carbon-containing feedstock can
also be employed [63].
Even though this method can produce high-quality graphene,
there are several problems associated with it. The major issue is
the exfoliation of graphene from the substrate, since it can cause
signiﬁcant damage to the structure or alteration of the properties
of graphene, while there is little control of the number of layers,
the doping level and the grain size. Additionally, this process is
expensive due to high energy consumption and the use of the
metal substrates which are often renewed during each prepara-
tion procedure. The scale-up of this process has recently taken
place by a roll-to-roll production process whereby graphene is
grown on Cu-coated rolls and then transferred to a polymer ﬁlm
[64]. Graphene produced using CVD is a promising material that
can used in a number of applications such as coatings, transparent
electrodes, sensors or electronic devices, although it cannot be
produced at the moment in large enough quantities for use in
nanocomposites. Attempts are currently being made for the
production of high-quality, few-layer graphene in bulk quantities
by CVD [65e67]. Such a process could revolutionize the produc-
tion of graphene-based nanocomposites and give a massive boost
to the whole area of graphene-reinforced nanocomposite
materials.
Fig. 4. (a) Optical image of graphene with one, two, three and four layers (Reprinted with permission from Ref. [70] Copyright 2007, American Chemical Society.), (b) SEM image of
graphene (Reproduced with permission from Ref. [80] Copyright 2011, Royal Society of Chemistry.), (c) bright-ﬁeld TEM image of monolayer graphene on a holey carbon ﬁlm
(Reproduced with permission from Ref. [46], Copyright 2008, Nature Publishing group), (d) graphene visualized by AFM (Reproduced with permission from Ref. [27] Copyright
2008, Nature Publishing group). A colour version of this ﬁgure can be viewed online.
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2.2.1. Microscopy
Although it is a nanomaterial, graphene can be observed directly
in an optical microscope since a single atomic layer absorbs ~2.3% of
visible light [68]. This absorption is also virtually independent of
wavelength. It is also possible to distinguish ﬂakes of graphenewith
different numbers of atomic layers relatively easily in a trans-
mission optical microscope [69,70] (Fig. 4). Transmission electron
microscopy has also been employed to determine the size of
different grains or the atomic structure of grain boundaries, since
these features are associated with the electronic [71], magnetic [72]
and mechanical [73] properties of the material [74,75]. Novoselov
et al., in their initial studies of graphene employed atomic force
microscopy (AFM) in order to observe the thickness of the graphene
layers and found out that monolayer graphene possesses a thick-
ness of 0.4 nm [33]. Since then, many publications dealing with
graphene have used AFM in order to characterize the thickness of
the ﬂakes (Fig. 4). Scanning electron microscopy and scanning
tunnellingmicroscopy have also been employed in order to observe
the ripples, wrinkles and structure of graphene sheets, which ul-
timately can alter the properties of the initial or “ideal” material
[76e80].
2.2.2. X-ray diffraction
X-ray diffraction (XRD) is a technique that can be utilized in
order to follow the intercalation and exfoliation of graphite and the
formation of graphene. The sharp Bragg reﬂection of graphite under
normal measurement conditions (CuKa radiation and
l ¼ 0.154 nm) found at 2q z 26, becomes broader with the
decreasing number of layers and ultimately disappears inmeasurements upon monolayer graphene [81]. This can be un-
dertaken upon bulk material; therefore XRD can provide only a
relative estimation regarding the average number of layers in gra-
phene (with the aid of Scherrer's formula).
2.2.3. Raman spectroscopy
One of the most powerful techniques, widely used in extensive
studies upon graphene, has proven to be Raman spectroscopy, due
to the fact that there is strong resonance Raman scattering from
graphene. It is found that even measurements upon a graphene
monolayer (Fig. 5) can provide a strong signal, very useful for the
characterization of the material [82,83]. There are three main
characteristic bands of graphene and graphite; the D band at
~1330 cm1, the G band at ~1580 cm1 and the G0 (or 2D) at
~2650 cm1. One of the most important functions of Raman spec-
troscopy on the study of graphene is the accurate information it can
provide regarding the number of layers of graphene [84]. Dressel-
haus et al. [85] have shown that the characteristic 2D band evolves
and displays differences for different numbers of graphene layers
(Fig. 5). In particular, it broadens and upshifts as the number of
graphene layers is increased. The D band (not present in the
monolayer in Fig. 5) is related to the presence of edges and defects
[86]. The intensity ratio between the D and G bands indicates the
level of defects and for graphene produced by bulk preparation
methods, is normally higher than that of the original graphite as the
result of damage during exfoliation and the formation of edges.
2.2.4. Ultravioletevisible (UVevis) spectroscopy
UVevis spectroscopy can be very helpful for the identiﬁcation of
the characteristics of graphene produced by different methods. The
UVevis spectrum of graphene displays a pronounced and
Fig. 5. Raman spectra of monolayer graphene showing the complete spectrumwith the G and 2D/G0 bands (top). Details of the 2D/G0 band for monolayer, bilayer, trilayer and many-
layer materials (bottom).
Reproduced with permission from Ref. [84] Copyright 2013, Royal Society of Chemistry. A colour version of this ﬁgure can be viewed online.
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(0.6 eV < E < 2 eV) the spectrum is ﬂat. The number of layers does
not have a pronounced effect on the UVevis spectrum of graphene,
since bi-layer graphene shows similar excitonic effects to single
layer graphene, but with a less asymmetric optical absorption at
4.6 eV [87].
2.3. Properties
2.3.1. Mechanical properties
Adetailed analysis of themechanical properties of graphene and
graphene nanocomposites has been presented in an earlier review[43]. The general characteristics of monolayer graphene include
modulus of elasticity equal to 1000 ± 100 GPa, determined by
indentation experiments upon a monolayer ﬂake lying across a
hole and an intrinsic strength of sint¼ 130 GPa [31]. These values of
stiffness and strength are similar to those determined earlier, using
ab initio calculations [88].
Raman spectroscopy has also been used in the study of the
molecular deformation of graphene through the observation of the
stress-induced band shifts as shown in Fig. 6. It has been found that
the rate of band shift per unit strain can be associated with the
Young modulus of carbon ﬁbres [89,90] and other high-
performance ﬁbres [89,91]. In a similar way it has been shown
Fig. 6. Shift of the Raman 2D band with strain for a graphene monolayer.
Reproduced with permission from Ref. [43] Copyright 2012, Elsevier.
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bond stretching, which ultimately affect its properties
[45,90,92e95]. From the slope of the values of the Raman wave-
numbers versus strain, the modulus of elasticity for monolayer
graphene is calculated, using carbon ﬁbres as a calibration, to be
equal to 1000 ± 100 GPa [90], similar to values measured directly
[31]. During the deformation of the material, the study of G and 2D
bands reveals splitting of the bands which gives information
regarding the orientation of the crystal lattice relative to the di-
rection of strain [90].
As the number of graphene layers increases, the rate of band
shift per unit strain of the 2D band to lower wavenumber also tends
to decrease [96]. When the number of layers is more than two, a
band narrowing occurs, while the normal band broadening is
observed for the mono- and two-layer material. This has been
interpreted as being due to the reversible loss of Bernal stacking in
the few-layer graphene [96].
2.3.2. Thermal conductivity
The thermal properties of graphene are also important, since it
possesses very high in plane thermal conductivity which is strongly
affected by atomic defects, interfacial interactions, and edges. The
thermal conductivity of graphene can then be tuned according to
the needs of each application. Balladin et al. found that the thermal
conductivity of graphene exceeds 3000 W mK1 near room tem-
perature, therefore being higher than the bulk graphite limit
[30,97,98]. Additionally, an optothermal Raman study revealed that
the thermal conductivity of suspended uncapped few-layer gra-
phene decreases with an increasing number of layers, approaching
the value of bulk graphite above 3 or 4 layers [99]. This occurs due
to the differences in the phonon scattering, resulting from the
increasing number of layers whereby more phase-space states
become available for phonon scattering, leading to the decrease of
thermal conductivity [98].
2.3.3. Electrical conductivity
The electrical conductivity of graphene is a property that is
being utilized in various applications in nanoelectronics. The fact
that graphene is a zero-overlap semimetal, leads to it possessing a
very high level of electrical conductivity. Very high values of elec-
tron mobility have been reported, but these values can increase
dramatically if the impurities are limited [27,29,100]. In addition,
interesting ﬁndings have been published on the electricalproperties of graphene/polymer nanocomposites, since the addi-
tion of graphene can lead to a percolation threshold for loadings of
as low as ~0.1 vol.% for room temperature conductivity. This could
lead to nanocomposites with levels of conductivity being useful for
a number of electrical applications [35,101].
3. Graphene oxide
3.1. Preparation methods
The preparation of defect-free and single-layer graphene in bulk
quantities is a difﬁcult process that is still under development,
whereas the preparation of graphite oxide, which consists of stacks
of individual graphene oxide (GO) sheets, was ﬁrst reported by
Brodie [102], over 150 years ago. In his attempt to determine the
‘atomic weight of graphite’, Brodie oxidized graphite using potas-
sium chlorate and fuming nitric acid and a ratio of C/O/H of 2.2/1/
0.8 was determined. The method of Brodie was later modiﬁed by
Staudenmeier [103] and Hummers [104] who obtained graphite
oxide by using a mixture of concentrated sulphuric acid, sodium
nitrate and potassium permanganate. These reactions achieved
similar levels of oxidation (C:O ratio 2:1) and introduced oxygen-
related functionalities to the material obtained [32]. The inter-
layer spacing of graphite oxide is higher than that of graphite
(ranging from 0.6 to 1 nm, depending on the preparation method)
due to the intercalation caused by the water molecules [105]. The
major advantage of the graphite oxide route for the preparation of
GO and the reason why it has been used extensively in polymer
nanocomposites, is its capability to be completely exfoliated to
individual GO sheets in different solvents, in order to form a stable
solution, thereby achieving a homogeneous dispersion of GO in a
soluble matrix. Additionally, this method can be used for the scale-
up of the production of GO, which is another reason for the
increasing interest in this material. Despite its advantages, GO
presents some important disadvantages such as its low conduc-
tivity due to the presence of the numerous oxygen functional
groups and its poor thermal stability.
The properties of GO can be restored to those of graphene, at
least partially, by using methods such as chemical or thermal
reduction. Hydrazine hydrate vapour [106], L-ascorbic acid [107] or
sodium borohydride [108] can be employed for the chemical
restoration of the properties of GO, by the removal of oxygen and
the recovery of some of the aromatic double-bonded carbons [109].
The thermal reduction method involves rapid heating of dry GO
under inert gas and high temperature (~1000 C). It is worth
pointing a stable complex of oxidative debris, which is strongly
bounded to the as-produced GO sheets, made by the popular
Hummer's method. This debris causes several problems and can be
eliminated if the graphene oxide produced is treated with an
aqueous solution of NaOH as shown in Fig. 7 [110]. This base
washing reduces the oxygen content of the GO [111], removes its
brown colouration [112] and increases its conductivity by many
orders of magnitude [110].
3.2. Characterization
Since graphene oxide has been used in a number of processes
and applications, its structure has been examined by a range of
characterization techniques. The structure of GO is still an issue of
debate, as Dreyer et al. pointed out in their review [32], and the
original model of its structure was based upon the solid-state 13C
NMRexperiments by Lerf et al. [113,114]. According to their analysis,
GO sheets consist of aromatic “islands” of variable size that have not
been oxidized and they are separated by 6-membered rings con-
taining CeOH groups, epoxide groups and double bonds (Fig. 7)
Fig. 7. Removal of the oxidative debris attached to GO by base washing with NaOH.
Reproduced with permission from Ref. [110], Copyright 2011, Wiley. A colour version of this ﬁgure can be viewed online.
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ities of graphene oxide, since the narrow, symmetric C1s band
which is characteristic for pristine graphite, shows an evolution to a
complex band consisting of two maxima for graphite oxide [49].
Electronmicroscopy has been employed for the characterization
of graphene oxide and it was shown by TEM that its structure and
electron diffraction pattern does not have signiﬁcant differences
compared to neat graphene [115]. In the case of reduced graphene
oxide, it was found that it consists of graphitic regions of up to
8 nm2 and holes below 5 nm2. Additionally, the oxidized regions
exhibit no order when they form a continuous network across the
GO sheets [116]. AFM has also been utilized for the observation of
the exfoliation process and the thickness of the layers of GO (even
though the process faces difﬁculties due to the wrinkled nature of
GO) [57]. SEM images of GO show amaterial consisting of randomly
aggregated, thin and crumpled sheets [106]. X-ray diffraction can
give signiﬁcant information regarding the transformation from
graphite to GO along with the determination of the distance be-
tween the layers of GO. The peak owing to the Bragg reﬂection from
graphite at 2qz 26, disappears after the full conversion to GO and
a new peak arises at signiﬁcantly lower angle.
Ultravioletevisible (UVevis) spectroscopy can provide impor-
tant information on the identiﬁcation of GO; the shoulder in the
spectra at ~310 nm corresponds to an n-p* plasmon peak, while
the feature at 230 nm corresponds to a characteristic pep* plas-
mon peak. The intensity and shift of the peak at 230 nm provide
information on the electronic conjugation between the GO sheets
and by adjusting the position of the peak, the optical and electrical
properties of GO can be tailored [117]. Thermogravimetric analysis
is also useful for the identiﬁcation of the purity and the extent of
the surface functional groups of GO. The mass loss curve of GO
shows three main degradation steps; the ﬁrst one is up to 100 C
and corresponds to the moisture that has been absorbed by the
sample, while the second one is in the range from 100 to 250 C
and corresponds to the main pyrolysis of the oxygen-containing
groups, generating CO, CO2 and steam [118]. The third step
appearing at temperatures higher than 350 C is attributed to the
removal of more stable oxygen functionalities such as phenols,
carbonyls, etc. In contrast, graphite and graphene are more ther-
mally stable than GO, since they do not contain the different
oxygen-containing functional groups. This is why they are
preferred in applications where thermal stability is a desirable
characteristic.The main differences between graphene and graphene oxide in
terms of their Raman spectra lie on the broadening of the G band
and the presence of a strong D band which is not present in exfo-
liated graphene. The 2D band is also absent in GO. The D band in-
dicates sp3 bonding in GO and the evolution of the relative
intensities of the different bands can provide information regarding
the structural changes that occur during the reduction processes
[119].
3.3. Properties
The oxygen-containing groups which disrupt the structure of
graphene oxide along with the presence of sp3 rather than sp2
bonding, reduce signiﬁcantly the stiffness and strength of GO,
compared with those of defect-free monolayer graphene. Moreover
the thickening of the sheets caused by oxidation leads to a further
reduction in the Young's modulus. According to the early results
presented by Dikin et al. [120] the Young's modulus of GO paper is
only around 30 GPa, depending on the water content and thickness
of the samples. Since then, various groups have reported a range of
values of GO Young's modulus, depending on the preparation,
measurement methods and number of layers. The generally
accepted value of Young's modulus of GO is around 250 GPa [121]
and a detailed presentation of the mechanical properties of gra-
phene oxide is given by Young et al. [43].
4. Nomenclature for graphene-based materials
The existence of graphene and the production of several de-
rivatives from the mother form, has caused confusion and mis-
understandings between the scientiﬁc community and the non-
expert readers regarding the nomenclature and the standardiza-
tion of the graphene. An important step towards the elimination of
these misunderstandings has been the paper published by Bianco
et al. [122], where every member of the graphene family tree is
described in detail. More recently, a similar publication by Wick
et al. [123] also described clearly graphene and the important vo-
cabulary for graphene-based materials. These two works should be
generally promoted by the scientiﬁc community in order to avoid
generalizations and unwanted complexity on future published
work. The vast majority of the researchers whose work is reported
in the current review use their own terminology and abbreviations;
for this reason we will also report brieﬂy the nomenclature of
Fig. 8. Classiﬁcation grid for the distribution of different graphene types, based on their fundamental properties. The materials drawn at the edges of the grid represent the ideal
cases on the basis of the number of layers, the C/O ratio and the average lateral dimension.
Reproduced with permission from Ref. [123] Copyright 2014, Wiley. A colour version of this ﬁgure can be viewed online.
D.G. Papageorgiou et al. / Carbon 95 (2015) 460e484468graphene and the related two-dimensional carbon forms, for
reference in the following sections.
The three fundamental properties which classify the different
forms of graphene-based materials are the number of graphene
layers, the average lateral dimension and the atomic carbon/oxygen
ratio [123]. On this basis, each graphene-based material presents
different characteristics. As was thoroughly discussed earlier, gra-
phene is isolated, single-atom-thick sheets of hexagonally-
arranged, sp2-bonded carbon atoms. Few-layer graphene is
considered the 2e5 sheet material, while the 2D material consist-
ing of 5e10 countable and stacked graphene layers (sheets) of
extended lateral dimension, can be termed as multi-layer gra-
phene. On the other hand, graphite nanoplatelets or nanosheets are
the 2D graphite-based materials that have a lateral dimension/
thickness less than 100 nm and exfoliated graphite is a multi-
layered material fabricated by partial exfoliation of graphite and
retains the 3D crystal stacking of graphite.
Chemically-modiﬁed graphene is widely used in the literature
as reinforcing agent in polymer nanocomposites, and especially the
monolayer graphene oxide (GO) that originates from the oxidation
and exfoliation, accompanied by extensive oxidative modiﬁcation
of the basal plane. The C/O atomic ratio of GO is less than 3 and
close to 2. More details on graphene oxide and its characteristics
can be found in the previous section. Reduced graphene oxide
(RGO) is the form of GO that is processed by chemical, thermal and
other methods in order to reduce the oxygen content, while
graphite oxide is a material produced by oxidation of graphite
which leads to increased interlayer spacing and functionalization of
the basal planes of graphite. The same categories which apply for
the layers of graphene can be also related to graphene oxide. A
useful diagram on the classiﬁcation of the graphene-based forms
can be found in the work of Wick et al. [123], where the materials
are distinguished by the three fundamental characteristics that
differentiate this family of materials (Fig. 8).5. Graphene/elastomer nanocomposites
5.1. Preparation
Several methods have been reported in the literature for the
preparation of graphene/elastomer nanocomposites. The proper-
ties of the nanocomposites are strongly dependent upon the
dispersion of the ﬁller and the matrix-ﬁller and ﬁllereﬁller in-
teractions. Therefore various methods such as melt mixing and
solution blending tend to be employed, while taking into account
the cost of each procedure and the time needed for the production
of the material. It should be pointed out that each method can
attribute different characteristics to the resultant nanocomposite,
due to the different states of dispersion of the inorganic ﬁller, as has
been shown by Kim et al. [124] and others [125]. Sometimes, a
combination of processing techniques is applied, since the prepa-
ration of elastomeric nanocomposites is not a single-step process
(Fig. 1). A number of different ingredients, such as curing or
crosslinking agents, processing aids, catalysts etc., need to be
incorporated in the elastomer/ﬁller mixture, in order to produce
the ﬁnal material with the appropriate properties. Hence a number
of stages are often employed, with elastomer being solution/latex-
blended with the graphene or graphene oxide and the curing and
crosslinking procedures carried out in a two-roll mill [125e136].
The most important preparation techniques described in literature
will be discussed next.
5.1.1. Melt mixing
Melt mixing is a preparation technique favoured by industry,
since it combines low cost and speed [134,137e151]. The general
principle of this method involves the dispersion of the ﬁllers in the
elastomer matrix in the molten state, by applying a shear force. This
technique can involve the chemical modiﬁcation of the ﬁller, the use
of compatibilizers to enhance ﬁllerematrix interactions, while it
Fig. 9. Comparison of the different preparation methods on the dispersion of graphene in a polyurethane matrix: (a) 5 wt % (2.7 vol %) graphite, (b, c) melt-blended, (d) solvent-
mixed, (e, f) in situ polymerized ~3 wt % (1.6 vol %) TRG, (g) solvent-mixed 3 wt % (1.6 vol %) Ph-iGO, (h) AcPh-iGO, and (i) in situ polymerized 2.8 wt % (1.5 vol %) GO.
Reprinted (adapted) with permission from Ref. [124] Copyright 2010, American Chemical Society.
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Despite the advantages of this method, some problems can be
encountered since the elevated temperatures that are needed in
order to incorporate the inorganic ﬁllers properly into the elasto-
meric matrix, make the materials prone to degradation. The high
viscosity of the polymeric matrix, along with the use of higher ﬁller
fractions, can also obstruct the effective dispersion of the ﬁller [141],
while the high shear forces that are usually applied in order to
overcome the viscosity of the matrix, can lead to the breakage of the
graphene or graphene oxide sheets. In comparison with the other
popular methods for the preparation of graphene/elastomer nano-
composites, it is the one that leads to the poorest of dispersion of the
ﬁller, as Kim et al. [124] have demonstrated for their thermoplastic
polyurethane (TPU) ﬁlled with graphite and thermally-reduced
graphene (TRG) (Fig. 9). This report paved the way for several
other investigations, since it described in detail the advantages and
disadvantages of each preparation method upon the properties of
graphene/elastomer nanocomposites. It is important to note that
even though melt mixing does not result in the highest homoge-
neity of ﬁller, several property enhancements have been reported in
the literature, as will be described in the following section.5.1.2. Solution/latex blending
Solution/latex blending is a technique that is most commonly
employed in academic studies for the production of graphene/
elastomer nanocomposites [112,124e135,152e187]. The reasons for
this are that graphene suspensions can be used and incorporated
into the matrix without signiﬁcant further processing. Additionally,
according to reports on elastomers reinforced with sheet-like
inorganic ﬁllers [188], solution blending ensures good dispersion
and exfoliation of the ﬁller in the elastomeric matrix, evenwithout
a chemical modiﬁcation of the ﬁller. During the solution blending
process, the elastomeric matrix is dissolved either with the gra-
phene in the same solvent or it is already in solution and is mixed
with the graphene by high-speed shear mixing, ultra-sonication or
stirring.
Latex blending is similar to the solution-blending process, the
only difference being that the elastomer is in the form of latex,
which presents advantages from an environmental viewpoint.
Several procedures have been introduced into this process in order
to ensure the strong interactions between the matrix and the ﬁllers
and disperse better the reinforcing materials (Fig. 10). They include
co-coagulation or latex mixing/co-coagulation, which can improve
Fig. 10. Schematic description of a multi-step process for the preparation of graphene-ﬁlled NR nanocomposites.
Reproduced with permission from Ref. [156] Copyright 2014, Elsevier. A colour version of this ﬁgure can be viewed online.
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prevented kinetically by the faster coagulation process of the
emulsion [128e134,141,153,156,172]. The co-coagulation process
can only be applied during solution blending and, according to Wu
et al. [189], it leads to a partly-exfoliated structure in which the
layered ﬁller can be dispersed simultaneously in the matrix as in-
dividual layers, or as a layered-ﬁller without the presence of the
elastomer between its sheets. Non-exfoliated layers are formed by
the re-aggregation of the initially-exfoliated layers during the co-
coagulating process.
Despite the number of advantages of solution mixing, the
effective removal of the solvents used during the procedure re-
mains a signiﬁcant problem for the extensive use of this particular
method. Furthermore, the high cost of solvents and their disposal
act negatively upon the scale-up and therefore the eventual
adaptation of this method by industry. Finally, this is a very sensi-
tive procedure due to the fact that the details of each component or
the processing (ie. quantity and quality of solvents, mixing time and
speed, sonication etc.) can affect dramatically the outcome of the
process.
5.1.3. In situ polymerization
In situ polymerization is a method which has been used suc-
cessfully in the past, in order to produce polymer/layered-silicate
nanocomposites with an exfoliated structure, since the macromo-
lecular chains of the polymer can be effectively incorporated be-
tween the sheets of the ﬁller and exfoliate the ﬁller with this
method [5,190e193]. The general principle of in situ polymerization
in polymer nanocomposites involves the mixing of the inorganic
ﬁller with the monomers in a solvent, followed by in situ poly-
merization. It has therefore been employed successfully for the
preparation of graphene/elastomer nanocomposites due to the
similar layered structure of graphene [124,194,195]. The in situ
polymerization method is still not a popular method for the
preparation of the speciﬁc set of materials, since it demands a low
elastomer viscosity. Another limiting factor is that during this
procedure the macromolecular chains of the polymer may become
attached to the graphene, therefore not allowing the ﬁller to form
an interconnecting network, which ultimately leads to lower
electrical conductivity values. On the other hand, this process maybe advantageous for mechanical reinforcement, resulting in better
stress transfer from the matrix to the ﬁller.
5.2. Characterization
The interactions between the various elements of a complex
multicomponent system, such as the ones found in graphene/
elastomer nanocomposites, play a major role on the ﬁnal physico-
chemical properties of the material. For this reason, in much of the
literature, surface chemistry is applied to the different components
of the system, in order to ensure chemical compatibility between
them. In addition, it can lead to the formation of chemical bonds
focused towards the improvement of the properties of the initial
material and a satisfactory dispersion of the ﬁller. Some of these
approaches include surface functionalization, in situmini-emulsion
polymerization, the use of surfactants, etc. The speciﬁc processes,
however, have not yet been perfected, since the degree of func-
tionalization is most of the times uncertain, while the use of
expensive solvents and chemicals and the need for time-
consuming experiments makes these processes unattractive. For
the evaluation of the interactions and conﬁrmation of the func-
tionalization of the ﬁller, different spectroscopic techniques can be
employed such as FTIR, Raman, XPS and others. In addition, the
dispersion of the ﬁllers is best studied with the use of electron
microscopy methods such as TEM and SEM, or even AFM.
5.2.1. Fourier Transform InfaRed spectroscopy (FTIR) e X-ray
Photoelectron Spectroscopy (XPS)
Wei and Qiu [138] functionalized graphene oxide and thermally-
reduced graphene oxide with allyl groups in order to enhance the
interactions between the ﬁller and a ﬂuoroelastomer (FKM) matrix.
The nanocomposites were prepared by mixing in an open twin-roll
miller and cured by hot pressing at 177 C. The presence of the allyl
groups was conﬁrmed by FTIR and XPS and the ﬁnal results showed
that the introduction of the allyl groups not only improved the in-
teractions between FKM and graphene, the tensile properties and
the crosslinking density but also accelerated the vulcanization
rates. Nawaz et al. [170] also functionalized graphene oxide with
octadecylamine and incorporated the functionalized ﬁller into a
thermoplastic polyurethane (TPU). The functionalization was
Fig. 11. (left graph) XPS N 1s core-level spectra and (right graph) FTIR spectra of (a) neat VPR, (b) HVPR-1.5 and (c) CaVPR-1.5.
Both ﬁgures reproduced with permission [130] Copyright 2012, Royal Society of Chemistry. A colour version of this ﬁgure can be viewed online.
D.G. Papageorgiou et al. / Carbon 95 (2015) 460e484 471evidenced from FTIR, while mechanical percolation was initiated at
a volume fraction of 2.5 vol% with the samples exhibiting an in-
crease of stiffness and low-strain stress. Tang et al. [130] proposed
an interesting technique for the preparation of butadiene-styrene-
vinyl pyridine rubber (VPR) composites containing graphene oxide
(GO), by combining the popular co-coagulation process and in situ
interface tailoring. According to their work, a hydrogen bonding
interactionwas formed between the hydroxyl groups present in the
basal plane of the GO and the nitrogen of VPR by using CaCl2 or HCl
as ﬂocculants. In order to evaluate the interactions between GO and
VPR, XPS and FTIR were successfully employed and the results for
the composites containing 1.5 vol% GO and coagulated by CaCl2
(CaVPR-1.5) or HCl (HVPR-1.5) are shown in Fig. 11.
The changes in XPS binding energies can give information
regarding the interactions between components in systems such as
those in polymer nanocomposites. The downshift of the two spe-
cies in the composite samples (Fig. 11-left) suggests the hydrogen
bonding between GO and VPR. Furthermore, the presence of the
third peak for the HVPR-1.5 composite indicates the presence of Nþ
in the sample, providing evidence of an electrostatic interaction
between the negatively-charged GO and Nþ of the VPR. The above
results show that hydrogen bonding occurs in the CaVPR/GO
composites while both hydrogen and ionic bonding exists in HVPR/
GO. FTIR was also utilized in the study (Fig. 11-right) for the
conﬁrmation of interactions between the ﬁller and the matrix, and
the results were consistent with those from XPS. In detail, the shift
to higher wavenumber of the peak due to the eC]N bond, indicated
the presence of hydrogen bonding. Furthermore, the new peak at
1608 cm1 which is assigned to the protonated pyridine group (eC]
NHþ) conﬁrms once again the ionic bonding for HVPR-1.5 sample.
The results from this study [130] showed that the formation of
strong ionic bonds between the matrix and the ﬁller induced a ﬁne
dispersion of GO and enhanced signiﬁcantly the mechanical
properties and gas permeability of the composite materials. The
research described in this section demonstrates clearly the beneﬁts
of both spectroscopic techniques. In particular, the evaluation of the
bonds formed between the ﬁller and the matrix from the prepa-
ration procedure can be attributed to the distinct characteristics of
the nanocomposite materials, which generally lead to an
improvement in their physicochemical properties.
5.2.2. Electron microscopy
The utilization of electronmicroscopy is particularly useful in thestudy of the morphology and dispersion of the ﬁller in graphene/
elastomer nanocomposites [149]. Liu et al. [158] produced com-
posites consisting of graphene oxide (GO) nanosheets and a ther-
moplastic polyurethane (TPU) and used both TEM and SEM for the
observation of the microstructural characteristics of their materials
(Fig. 12). Their results showed that the GO was dispersed uniformly
in the matrix even at higher loadings due to the strong interfacial
interactions with the matrix and the spin-ﬂash drying technique
which was employed during their solution blending procedure. The
alignment of the ﬁller which can be observed, was ascribed to the
hydrogen bonds between the oxygen groups from GO and the NeH
groups from TPU [158]. Finally, the SEMmicrographs in Fig.12 show
that the GOnanosheets are all coated by TPU, conﬁrming once again
the strong interfacial adhesion in this speciﬁc system. The use of
microscopy techniques is greatly encouraged for most polymer
composites in order to make ﬁrm conclusions regarding the
dispersion of the ﬁller, which is always related directly to the
preparationprocedurewhich has been employed. TEM is preferable
for this task since it provides information on the internal compo-
sition of the nanocomposite at the highest magniﬁcation. SEM can
also prove useful for surface characterisation and, in particular, the
dispersion of ﬁller from fracture surfaces.
5.2.3. X-ray diffraction (XRD)
Another technique that can be employed in order to charac-
terize the levels of exfoliation/intercalation of the graphene layers
in the elastomeric matrix is X-ray diffraction (XRD). Bai et al. [165]
prepared hydrogenated carboxylated nitrile-butadiene rubber
(HXNBR) reinforced with exfoliated GO and used XRD in order to
study both the ﬁllers and the composites. The Bragg peak of
graphite shifted to very low angles due to the signiﬁcantly higher
interlayer spacing, indicating the successful exfoliation of the GO. In
the nanocomposite ﬁlled with 1.3 vol.%, a broad diffraction peak
indicated that the compounding process had disrupted the periodic
structure of the GO and also that the GO had been exfoliated into
monolayers or few-layer material. Similar results were also re-
ported by Xiong et al. [167] for their bromobutyl rubber (BIIR)
nanocomposites which they reinforced with ionic-liquid-modified
GO. Both studies are good examples of the simple, but important
information that XRD can provide on graphene/elastomer nano-
composites; the exfoliation or intercalation of the graphene sheets
in the composite materials. Additionally, the degree of crystallinity
can be also obtained from the diffractograms and this can also play
Fig. 12. TEM micrographs of TPU ﬁlled with (a) 0.5 vol.%, (b) 2 vol.% GO nanosheets and SEM micrographs of fractured surfaces of the TPU/GO nanocomposites with (c) 0.5 vol.% and
(d) 2 vol.%.
Reproduced with permission from Ref. [158], Copyright 2014, Elsevier.
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5.2.4. Contact angle
Interfacial energy is another factor which can be used for the
evaluation of interactions between the components of polymer
nanocomposites, by measuring the contact angles of liquids on the
materials. Chen et al. [127] used contact angle measurements upon
their graphene oxide reinforced ethylene-propylene-diene rubber
(EPDM)/petroleum resin (PR) blends. The introduction of GO was
found to change slightly both the dispersive and polar components
of the surface energy of the EPDM/PR blends and this was found to
contribute to the homogeneous dispersion of the ﬁller in the blend.
Therefore, contact angle can be also utilized in order to give in-
dications regarding the effect of the ﬁller on the hydrophobicity or
hydrophilicity of the composite samples along with its dispersion.
5.3. Mechanical properties
The introduction of inorganic nanoscale ﬁllers has been proved a
successful way of improving the properties of a polymeric matrix,
since the ﬁllers can “incorporate” their own high stiffness and
strength to the bulk material and inhibit the propagation of cracks
which can ultimately delay the breakdown of the material. The size
and the geometrical characteristics of the ﬁller are important for
the improvement of different physicochemical properties but the
most signiﬁcant feature controlling the properties in these nano-
composites is the dispersion of the ﬁller in the matrix. The for-
mation of aggregates, bundles and stacks of ﬁllers can lead to early
failure, since these features will act as defects in the material.
Several different types of ﬁllers have been incorporated to poly-
meric matrixes for the improvement of their properties, such as
silica [8], carbon nanotubes [16,21,196], clays [197] and others [198]
but none of these ﬁllers exhibit the unique properties that single
layer and defect-free graphene exhibits; an in-plane Young'smodulus of almost 1 TPa, an ultimate tensile strength of almost
130 GPa and the ability to elongate by a strain of 25% up to failure
[31,125]. Following the incorporation of graphene into a matrix, the
ﬁller is invariably wrinkled which on one hand may affect its
intrinsic properties, but on the other may enable it to act as a crack
propagation barrier and also increase the mechanical interlocking
between the matrix and the ﬁller [199]. The low value of Young's
modulus that most elastomers exhibit can be increased signiﬁ-
cantly upon the homogeneous incorporation of graphene thereby
making elastomer/graphene nanocomposites attractive for a range
of applications. The mechanics of graphene nanocomposites with a
rigid polymer matrix have been recently reviewed by our group
[43] and in the following section, the mechanical properties of
graphene/elastomer nanocomposites will be presented.
5.3.1. Tensile properties
There are a number of reports in the literature upon in-
vestigations into the mechanical properties of graphene-based/
elastomer nanocomposites [112,124e127,129e131,133,134,138,139,
141,143,144,146,147,150e153,155e159,162,163,165,166,170e172,175,
176,179,181e183,185,187,194,195,200e204]. In most cases some
type of reduced graphene oxide was employed as the ﬁller rather
than graphene itself. The vast majority of these reports showed
signiﬁcant improvements in the Young's modulus and the tensile
strength of the nanocomposite samples compared with the pure
elastomer. The results from the elongation at break of the nano-
composites, however, were found to depend upon the processing
procedure and other important factors; sometimes they reported
improvements at low ﬁller contents, with the presence of the gra-
phene accompanied by a decrease in elongation at higher contents,
due to the inevitable formation of aggregates. Other investigations
just showed a decrease in elongation to failure with the incorpo-
ration of the ﬁller, which is common for composite materials.
The reinforcement of natural rubber with reduced graphene
oxide (RGO) has been studied extensively by Potts et al. [131,136].
Fig. 13. Representative stressestrain curves of (a) L-TEGO/NR nanocomposites and (b) TEGO/NR nanocomposites, each at various loadings.
Reproduced with permission from Ref. [136] Copyright 2013, Elsevier. A colour version of this ﬁgure can be viewed online.
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functional properties in nanocomposites produced by the coagu-
lation of RGO colloidal suspensions and natural rubber latex [131].
In a subsequent study [136] they investigated the effect of using a
conventional rubber melt compounding procedure for dispersing
thermally-exfoliated graphene oxide (TEGO) into natural rubber by
employing a two-roll mill and without the use of solvents. Their
results showed that there was a signiﬁcant reinforcement of the
natural rubber upon the addition of the TEGO as shown from the
stressestrain curves in Fig. 13, which exhibit clearly the increase of
the modulus and the stress at break in the nanocomposite mate-
rials. Although the addition of the TEGO above 4 phr (parts by
weight per hundred parts of rubber) increased the stiffness of the
material, when they subjected the TEGO to a latex premixing pro-
cess (termed L-TEGO) signiﬁcantly better stiffening was obtained
for all loadings, with a reduction, however, in the strain to break
(Fig. 13a). It was found using transmission electron microscopy
that the premixing step led to better exfoliation, improved the
dispersion of the TEGO in the matrix and the platelets appears less
wrinkled, all of which appeared to lead to the better overall me-
chanical properties [136].
The stressestrain curves in Fig. 13 show the improvement in the
modulus and the stress at break and the overall mechanical prop-
erties of the material are summarised in Table 1 for 5 phr of these
and other ﬁllers in the natural rubber (NR). It can be seen that the
increase in stiffness is somewhat less than that obtained by Potts
et al. [131] in their earlier study on RGO, but an increased failure
strainwas achieved. The ﬁndings do show however, that reasonable
mechanical properties can be obtained using material processed
using a two-roll mill. It is also demonstrated in Table 1 that
signiﬁcantly higher levels of stiffness and strength can be obtained
by reinforcing natural rubber with GO than with carbon black. As
well as increases in stiffness and strength there have also been
recent reports of greatly improved fatigue resistance for theTable 1
Comparison of the mechanical properties of natural rubber (NR) reinforced by 5 phr
of different carbon-based ﬁllers. E100 and E300 are the modulus at 100% and 300%
strain respectively and sf is the failure strength. The mechanical properties of the
natural rubber reinforced with carbon black (CB) are also given for comparison.
Filler E100 (MPa) E300 (MPa) sf (MPa) Strain at break
Neat NR 0.41 0.84 5.15 8.44
TEGO 0.43 1.28 6.05 8.96
L-TEGO 1.07 5.19 10.90 5.05
RGO [131] 1.59 9.01 10.18 3.19
CB 0.51 1.19 6.28 8.34
Reproduced with permission from Ref. [136], Copyright 2013, Elsevier.incorporation of only 1 phr of GO in natural rubber [187]. These
studies, along with the signiﬁcant work of Kim et al. [124] which
was discussed earlier, exhibit clearly how strongly the preparation
procedure affects the ﬁnal properties of the nanocomposite mate-
rial. Solution blending gave the best results. However, environ-
mental concerns from the use of solvents and the difﬁculties in the
scale-up combine to make the process difﬁcult for industrial use.
On the other hand, the fact that researchers have obtained
encouraging results upon the properties of the nanocomposites
made by employing a two-roll mill, commonly used in industry, can
lead to the conclusion that the production of graphene/elastomer
nanocomposites on an industrial scale is only a matter of time.
Mülhaupt and coworkers investigated the reinforcement of
styrene-butadiene rubber (SBR) with reduced GO [201] and func-
tionalized graphene [159]. They obtained signiﬁcant increases in
stiffness and strength upon the addition of both chemically-
reduced GO (CRGO) and thermally-reduced GO (TRGO) to SBR
and their data are summarised in Table 2. Data for the same elas-
tomer reinforced with both carbon black (CB) and carbon nano-
tubes (CNT) is also given and it can be seen that the best overall
properties are again obtained with the GO-based ﬁllers. This is
another example of the advantages of graphene-based ﬁllers
compared with their predecessors; the stiffness of graphene-based
composites is higher than for ones ﬁlled with carbon black or CNTs,
since the tensile strength at 100% (or 50%) and 300% strain is always
higher than in such nanocomposites. However, it should be taken
into account that the process followed for the preparation of the
composites was tailored for the exfoliation of sheet-like ﬁllers,
therefore it was reasonable for the graphene-based materials to
have a higher degree of dispersion and better mechanical
properties.
Khan et al. [175] investigated the reinforcement of an elasto-
meric polyurethane by pristine graphene produced by solvent
exfoliation and characterized by Raman spectroscopy. Fig. 14 showsTable 2
Mechanical properties of SBR elastomers reinforced with 25 phr different carbon-
based ﬁllers. The parameters are the same as those in Table 1 except for E50 which
is the modulus at 50% strain.
Filler E50 (MPa) E300 (MPa) sf (MPa) Strain at break
Neat SBR 0.8 4.7 5.1 3.24
CRGO 2.8 12.4 12.6 2.95
TRGO 10.9 e 17.5 0.88
CB 1.2 6.7 8.2 3.65
CNT 2.1 e 9.2 2.60
NB. Failure took place for the TRGO- and CNT-modiﬁed SBR below 300% strain.
Reproduced with permission from Ref. [159] Copyright 2014, Wiley.
Fig. 14. Stressestrain curves for nanocomposites consisting of solvent-exfoliated gra-
phene in a polyurethane matrix reinforced with different loadings of graphene (by
weight %).
Reproduced with permission from Ref. [175] Copyright 2014, Elsevier. A colour version
of this ﬁgure can be viewed online.
D.G. Papageorgiou et al. / Carbon 95 (2015) 460e484474a series of stressestrain curves for different loadings of the gra-
phene by weight. It can be seen that there is a large increase in the
slope of the stressestrain curve (the Young's modulus increases by
a factor of the order of 100 for their highest loadings) and the strain
to failure decreases with graphene loading. Khan et al. [175] also
found that for a given loading of graphene, the reinforcement effect
decreased as the graphene ﬂake size decreased, which they pointed
out was consistent with the ﬁndings of Gong et al. [44] upon the
need to have large lateral graphene ﬂake dimensions for good
reinforcement in nanocomposites. This was recently conﬁrmed by
Seyedin et al. [205] who demonstrated that better reinforcement
was obtained with larger-sized GO sheets in elastomeric composite
ﬁbres. The ﬂake size is a critical aspect of the reinforcement for
ﬂake-reinforced nanocomposite materials [44] since the larger
ﬂakes can increase the interactions with the matrix due to their
high aspect ratio.
An interesting report by Chen et al. [127] showed that the
addition of GO in ethylene-propylene-diene rubber (EPDM) and
EPDM/petroleum resin (PR) blends enhanced slightly both the
tensile modulus and the stress and the elongation at break of the
nanocomposites. The reason for this behaviour, according to the
authors, was the dilution effect [206] caused by the presence of GO
in the matrix and the blend; the volume fraction of the matrix or
the blend decreased with increasing GO loading, which led to the
decrease in the crosslinking in the composite material and a
simultaneous increase of the elongation at break. The particular
phenomenon observed in this work, may have been additionally
facilitated by the fact that the GO contents in the blend were very
small (0.2 and 0.5 wt.%) and the dispersion was relatively
homogeneous.
Chen and Lu [171] constructed sacriﬁcial bonds and hidden
lengths (dissociation of H-bonds between the polyurethane (PU)
oligomer and polymer chains) at the interface of the graphene
nanosheet (GN)/polyurethane nanocomposites, by employing
covalently and non-covalently functionalized GNs. Their original
target was to enhance the mechanical properties of the GN/PU
nanocomposites, but not at the expense of the ductility and
toughness of the ﬁnal material. The functionalization of GNs was
undertaken by reduction with hydrazine and the hydroxyl and
epoxide groups in GNs were bonded covalently with the PUoligomer chains by reacting with diisocyanete and polyethylene
glycol oligomer. In addition, non-covalently bonded PU oligomer
chains were formed by the pep interactions between GNs and
pyrene derivatives (Fig. 15a). The tensile testing analysis showed
enhancement of the fracture strength and the tensile modulus
along with no deterioration of the elongation at break, contrary to
some of the results on GN/PU nanocomposites reported previously
[174e176]. The most efﬁcient improvement came from the nano-
composite containing 1 wt% HO-GN sample while the speciﬁc
behaviour was attributed to the interfacial bonding formed in the
composites, which consisted of covalently and non-covalently (by
pep interaction) linked PU oligomer chains (Fig. 15b). These two
studies [127,171] can be considered signiﬁcant since the elongation
and strength at break of the elastomers are factors that make them
useful for a number of different applications; therefore the use of
these techniques enables the preparation of nanocomposite ma-
terials with increased strength, but not at the expense of elongation
or strength at break. It should be stated, however, that these
methods can be employed only for the incorporation of small
amounts of graphene, since the use of higher amounts (>3e4 wt.%)
can easily lead to an increase in the cross-link density of the elas-
tomer, which will diminish the effect of the functionalization.
Zhan et al. [129] exhibited the signiﬁcance of the crosslinking
procedure in the graphene/elastomer nanocomposites by showing
that uncrosslinked graphene (GE)/natural rubber (NR) nano-
composites, exhibited poor mechanical properties, since their
ﬂexibility is lower than that of the matrix due to the segregated
network of ﬁllers. However, after the in situ vulcanization by adding
sulphur and other additives followed by hot pressing at 150 C, both
the tensile strength and elongation at break of the nanocomposites
increased signiﬁcantly. This work highlights nicely the adjustment
of the preparation method on the basis of the application that is
being targeted. If good mechanical properties (e.g. an increase in
the Young's modulus or stress at break) are desirable, then the
route of vulcanization should be followed. On the other hand, if
high electrical conductivity values are the main objective, uncros-
slinked materials can exhibit a very low percolation threshold and
high conductivity values.
Tang et al. [207] have also shown recently the importance of the
surface chemistry of the ﬁller in controlling both the dispersion and
interfacial adhesion between graphene produced by the in situ
chemical reduction of GO and styrene/butadiene rubber, both of
which affect the resultant properties of the nanocomposite. The
determinant factor on the dispersion of graphene, according to
their work, is the COx fraction. The dispersion was homogeneous at
COx fractions lower than 0.2, which resulted in signiﬁcantly
enhanced mechanical properties; the moduli was improved by
530% and the strength by about 490%, for the sample containing
3 phr graphene and a high level of ammonia obtained through a
doping method. The authors attributed the improvements to the
improved interfacial interactions, the good dispersion and the high
N-doping level. This is a good example of how the surface chem-
istry of the ﬁller can affect the properties of the nanocomposite,
even without a functionalization procedure.
The overall picture that emerges is that graphene-based ﬁllers
can increase the stiffness and strength of elastomers signiﬁcantly,
with the best improvements being obtained with well-exfoliated,
uniformly-dispersed ﬁllers. The combination of the selected prep-
aration method and functionalization of the ﬁller, along with the
content of the ﬁller can control the desired characteristics each
time. In the case of the nanocomposites with the greatest im-
provements in stiffness and strength, this phenomenon is normally
accompanied by a reduction in the strain to break as a result of the
high stresses to which the nanocomposite material becomes sub-
jected. Some of the reported increases in stiffness of elastomers
Fig. 16. Storage modulus and tand of graphene-reinforced SBR, as a function of tem-
perature.
Reproduced with permission from Ref. [125] Copyright 2014, Elsevier. A colour version
of this ﬁgure can be viewed online.
Fig. 15. (a) Synthesis route for covalently and non-covalently functionalized graphene nanosheets (HO-GNs). (b) Toughening mechanism involving sacriﬁcial bond rupture and
hidden length release in mechanical tests of GN/PU composites.
Both ﬁgures reproduced with permission from Ref. [171] Copyright 2012, Royal Society of Chemistry. A colour version of this ﬁgure can be viewed online.
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large relative to the properties of the matrix, compared with rigid-
matrix polymer nanocomposites [43,208]. This can be understood
if we take into account that the Young's modulus of rigid polymers
is of the order of 109 Pa compared with only 106 Pa for elastomers.
Hence since the modulus of the ﬁller (up to 1012 Pa) is much higher
than the modulus of the elastomer matrix, for a given volume
fraction of ﬁller, the effect upon the nanocomposite modulus after
the addition of rigid particles will be much more pronounced for
elastomers than for rigid polymers.
5.3.2. Dynamic mechanical properties
Dynamic mechanical analysis can also provide important in-
formation regarding both the molecular structure and viscoelastic
characteristics of graphene/elastomer nanocomposites, by probing
the mechanical relaxations of the matrix [125,127,130,131,135,
138,141,143,145e147,151,155,156,161,163,165,171,181,182,195,200].
The molecular mobility is highly dependent on the structure of the
nanocomposite and it reveals information about the different
modes of chain motion. The increase of glass transition tempera-
tures of nanocomposite samples can give indication on themobility
of the macromolecular chains in the matrix. Additionally, the
Fig. 17. Mass loss (%) curves of natural rubber (NR) ﬁlled with reduced graphene oxide
(rGO) under a synthetic air atmosphere.
Reproduced with permission from Ref. [161] Copyright 2014, Elsevier. A colour version
of this ﬁgure can be viewed online.
Fig. 18. Thermal conductivities of milled and solution-treated RG-O/NR nano-
composites at various loadings.
Reprinted (adapted) with permission from Ref. [131] Copyright 2012, American
Chemical Society. A colour version of this ﬁgure can be viewed online.
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the matrix due to the presence of inorganic ﬁllers, such as
graphene.
Araby et al. [125] observed an enhancement of the storage
modulus of styrene-butadiene rubber (SBR) reinforced with 1e5
layer graphene nanoplatelets, seven times higher than that of neat
SBR in the rubbery region, where the elastomer is soft (Fig. 16),
while Potts et al. [131] observed an impressive near twenty-fold
increase for a natural rubber reinforced with GO by solution
treatment, in the same region. These are indications of increased
interactions between the ﬁllers and the matrix, which were
intensiﬁed by the solution blending procedure followed in both
cases. When the samples in these studies were prepared with a
melt mixing procedure, using a three-roll mill, the mechanical
properties were inferior due to the weak interactions and the for-
mation of aggregates which act as failure points during mechanical
testing. Araby et al. [125] also found an increase of the glass tran-
sition temperature for their set of samples which was a represen-
tation of the reduced chain mobility of the matrix. However, a
decrease of the glass transition can sometimes also be observed in
graphene/elastomer nanocomposites and a possible reason may be
a plasticization or a dilution effect, which reduces the physical
entanglements in the matrix [127].
In general, most DMA experiments on graphene-based elasto-
meric nanocomposites report improvements in the storage
modulus of the matrix as a result of the high aspect ratio of gra-
phene, which provides high interfacial area in the nanocomposite
sample, disrupts the mobility of the macromolecular chains at high
temperatures and causes a nanoconﬁnement effect on the macro-
molecular chains. Furthermore, the homogeneous dispersion of the
ﬁller and the level of interaction between the macromolecular
chains of the matrix and the graphene can be also reﬂected on the
viscoelastic properties of the sample. As with the tensile properties,
the large differences between the modulus of the matrix and the
ﬁller accentuate the improvement of the storage modulus of the
nanocomposite and large increases have been recorded in general
in a number of literature reports.
5.4. Thermal properties
5.4.1. Thermal stability
The thermal stability of polymer nanocomposites is important
since it determines the working temperature at which the materials
can be used. Thermogravimetric analysis (TGA) is a technique that
measures the mass loss percentage with increasing temperature and
has been extensively applied in nanocomposites, in order to observe
the effect of the inorganic ﬁllers on the thermal stability of the
matrixes. There are a number of reports in literature on the effect of
the addition of graphene-based materials upon the thermal stability
of the host elastomeric matrixes [127,137,141,143,145,152,155,161,
163,167,171,177e179,181,183,195,209]. Clearly, the behaviour each
time is dependent upon several factors, such as the elastomeric
matrix being reinforced, the type of graphene that has been used, the
preparation method, the dispersion of graphene, and the chemical
functionalization of the ﬁller, along with the presence of other ad-
ditives such as surfactants.
The enhancement of the thermal stability in a graphene/elas-
tomer nanocomposite can be attributed to the physical barrier ef-
fect of the ﬁller which inhibits the emission of the gaseous
molecules occurring from the pyrolysis of the material and nano-
conﬁnement to which the macromolecular chains are subjected,
whosemovement can be restricted by the homogeneous dispersion
of graphene, delaying the degradation of the matrix. On the other
hand, the use of surfactants such as CTAB or others during the
preparation by solution blending procedures [161], or thefunctionalization of the ﬁller with organic groups [138] which are
less stable than the matrix, may initiate premature decomposition
since they decompose at lower temperatures than the host elas-
tomeric matrixes (Fig. 17). In general, the presence of graphene
does not appear to change the degradation pathway of the elas-
tomer signiﬁcantly, while a general statement regarding the ther-
mal stability of the nanocomposites cannot be made, since the
results in literature are somewhat ambiguous and depend upon a
number of different factors in each case.5.4.2. Thermal conductivity
Another aspect of the utilization of the unique properties of
graphene, is the enhancement of the thermal conductivity of
elastomers. The thermal conductivity of graphene at room tem-
perature has been found to be almost 5000 W/m K when freely
suspended [30] and its sheet like morphology provides lower
interfacial resistance and higher conductivity as well as a greater
heat capacity than the host elastomer. Phonons are considered
responsible for the thermal conduction in amorphous polymers
such as elastomers; therefore the phonon scattering or acoustic
impedance mismatch must be reduced in a thermally conducting
composite. The presence of exfoliated graphene can ensure this
Fig. 19. Electrical conductivity of natural rubber (NR) composites as a function of
graphene (GE) content, prepared by different methods. NRLGES: crosslinked GE/NR
composites with the segregated network prepared by self-assembly in latex and direct
hot pressing. NRLGES-TR: cross-linked GE/NR composites without the segregated
network prepared by latex mixing and twin-roll mixing. NRLGE: uncrosslinked GE/NR
composites with a segregated network prepared by self-assembly in latex and direct
hot pressing. NRLGE-TR: uncrosslinked GE/NR composites without a segregated
network prepared by latex mixing and twin-roll mixing. NRGE-TR: composites pre-
pared by direct twin-roll mixing of GE powders and rubber. NRGE-HM: composites
prepared by direct Haake mixing of GE powders and rubber.
Reproduced with permission from Ref. [129] Copyright 2012, Royal Society of Chem-
istry. A colour version of this ﬁgure can be viewed online.
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Other factors that are associated with the improvement of thermal
conductivity in a graphene-based nanocomposite are obviously the
homogeneous dispersion of the ﬁller and the formation of inter-
connecting networks. Limiting factors can include the formation of
aggregates and the poor thermal coupling between the elastomer
and graphene or between the graphene ﬂakes, which leads to high
interfacial resistance (Kapitza resistance) [36].
The vastmajority of the literature upon the thermal conductivity
of graphene/elastomer composites reports enhancement due to the
presence of the graphene [125,131,137,141,148,151,154,155,167,209]
and this has to do mainly with the intrinsic thermal conductivity
of the ﬁller itself. In the interesting work of Potts et al. [131], the
thermal conductivities of natural rubber (NR) reinforced with
reduced graphene (RG) were measured in terms of the production
method employed. It was found that the interconnecting network
in solution-treated nanocomposites, actedmore beneﬁcially for the
improvement of the thermal conductivity of the nanocomposites,
than materials produced by the milling method (Fig. 18). Milling
may not always be a problem; the fact that the composites pro-
duced with a three-roll mill are more thermally insulating can lead
to them ﬁnding use in applications that demand temperature
control. Moreover, the ability to control thermal conductivity of
elastomer nanocomposites is a highly desirable property which can
be exploited in applications which may require a material to be
thermally conductive but electrically insulating such as in power
electronics, electric motors etc.
5.5. Electrical properties
5.5.1. Electrical conductivity
The introduction of electrically-conductive ﬁllers into non-
conductive polymeric matrixes is a simple and efﬁcient way to
produce electrically-conductive multifunctional polymer nano-
composites, while maintaining the low cost and processability of
the initial material [210,211]. Graphene, once again, is an “ideal”
ﬁller for the preparation of electrically conductive nanocomposites,
due to its high inherent electrical conductivity and its extremely
high surface area. As pointed out earlier, the fewer impurities in the
ﬁller, the higher the electrical conductivity would be for a nano-
composite material with a given loading. Therefore, the quality of
graphene is once again a determinant factor for this property.
As with all other physicochemical properties of graphene nano-
composites, the dispersion of the ﬁller is the key to obtaining sig-
niﬁcant property enhancement. The ideal dispersion for the
preparation of a graphene-based conductive polymer nano-
composite, involves the formation of a network in which the ﬁllers
are close to each other and conduction takes place by a tunnelling
phenomenon through the polymer layers which surround the ﬁller.
Contrary to some other properties such as mechanical properties,
which demand homogeneous dispersions, electrical conductivity
may be enhanced by the partial segregation, since the formation of a
sheath ofmatrix between and isolatedﬁllerﬂakes, acts negatively on
electrical conductivity. Percolation theory can be applied in these
composites and, at the critical ﬁller concentration (or percolation
threshold), the electrical conductivity of the materials presents a
rapid increase [211]. The percolation threshold can be also used as a
rough estimate of the characteristics of the dispersion. Apart from
the dispersion characteristics and the surface area, the electrical
conductivity of graphene-based nanocomposites can be improved
by functionalization of the ﬁller, which can induce improved in-
teractionswith thematrix. The orientationof theﬁllers is also critical
since the parallel alignment of the particles increases the percolation
threshold, while a random orientation is more beneﬁcial.
A number of attempts have been reported for the improvementof the conductivity of elastomers by incorporating graphene-based
nanoparticles [124,125,129,131,143,144,151,152,154,156e159,161e
163,177,180,181,183,212] with the majority of them being success-
ful. An important conclusion from some of these studies is that
graphene is capable of enhancing the conductivity of the compos-
ites at lower loadings than other ﬁllers such as carbon black, carbon
ﬁbres or even graphite.
Zhan et al. [129] obtained the electrical conductivity in vulca-
nized natural rubber composites reinforced with graphene by
constructing an interconnected network of self-assembled gra-
phene via latex mixing. This work highlights nicely the effect of the
preparation procedure on the conductivity of the composite sam-
ples. The composite samples exhibited a low percolation threshold
(~0.62 vol%) and maximum conductivity 0.03 S m1. The compar-
ison of their method (where the crucial part was the formation of a
segregated network) with others at the same loading fraction,
revealed that their method led to nanocomposites with electrical
conductivity enhanced by 5 orders of magnitude compared with
material produced by other methods (Fig. 19). It is therefore clear
that a segregated network of ﬁllers within the matrix enhances the
tunnelling effect, which in turn increases the conductivity values.
In an interesting report by Yan et al. [143], polyamide 12 (PA12)/
TRGO nanocomposites were prepared by melt compounding and
maleated polyethylene-octene (POE-g-MA) rubber was added as a
compatibilizer. The authors studied the effect of the compounding
sequence on the electrical conductivity of the nanocomposites. It
was demonstrated that the best results were obtained by initially
compounding the PA12 with the TRGO, but the presence of
maleated rubber on the ﬁnal composite sample induced a volume-
exclusion effect where the TRGOwas selectively located in the PA12
rather than in the POE-g-MA phase as demonstrated by TEM. This
work is a good example of how the melt compounding, which is a
common industrial procedure, can be utilized to prepare
electrically-conductive, rubber-based nanocomposites with values
even higher than some systems prepared by solution mixing or in
situ polymerization.
Fig. 20. Graphene-elastomer strain sensors showing the preparation by liquid-phase infusion into a swollen elastomer and the change in resistance through straining by breathing.
Reprinted (adapted) with permission from Ref. [213] Copyright 2014, American Chemical Society. A colour version of this ﬁgure can be viewed online.
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materials in an elastomer are the main factors that control the re-
sistivity, it is also found to change with deformation of the nano-
composite. In a recent study, Coleman and coworkers [213]
reported the development of graphene/elastomer based strain
sensors and they demonstrated their utility as bodily motion sen-
sors. These sensors were made by infusing liquid-phase exfoliated
graphene into a swollen elastomer by soaking the elastomer in a
graphene/NMP dispersion for 15e48 h (Fig. 20). It was found that
the resistance of such material was less than 100 kU and also
sensitive to strain. Moreover, the electrical conductivity was as high
as 0.1 S/m. The example shown in Fig. 20 is of the dynamic resis-
tance change for a sensor applied to a human throat to monitor
breathing from the associated bodilymovement. The speciﬁc report
by Coleman's group is a notable illustration of how elastomer/
graphene nanocomposites can be utilized for advanced applica-
tions, while their preparation methods do not have to be over-
complicated or particularly expensive.5.5.2. Dielectric properties
The dynamics of the macromolecular chains of polymer com-
posites can be also studied by dielectric analysis. The relaxation
spectra as a function of either temperature or frequency, can pro-
vide information on the intermolecular cooperative motion and
hindered dipolar rotation, hence this technique has also beenFig. 21. Alteration of chain dynamics due to the different bonding in VPR/GO nano-
composites.
Reproduced with permission from Ref. [128] Copyright 2013, Royal Society of Chem-
istry. A colour version of this ﬁgure can be viewed online.applied to several graphene-based/elastomer nanocomposites
[112,128,134,140,142,144,152,158,160,180,212]. The aspect ratio of
the graphene and its adhesion with the matrix can affect the
dielectric properties of the nanocomposite samples signiﬁcantly,
which then can be exploited in ﬂexible electronics, and other ap-
plications [214]. The polymer-ﬁller interfacial bonding can be
considered as the analogous to the donoreacceptor complexes,
described by the Maxwell-Wagner-Sillars (MWS) process for
dielectric properties. When a current ﬂows through a nano-
composite, the charges can accumulate at the interfaces between
two dielectrics with different relaxation times [112].
Wu et al. [128] studied the chain dynamics of butadiene-
styrene-vinyl pyridine (VPR)/GO nanocomposites thoroughly by
dielectric analysis. They prepared nanocomposites with different
types of interfacial bonding (ionic and hydrogen), by using two
ﬂocculants (HCl and CaCl2) for co-coagulation and found out that
the nature of the interfacial interactions, due to the different
bonding characteristics, slowed down the segmental relaxations of
the composites with the ionic interfaces (HVPR-GO) (Fig. 21). In
contrast, the segmental dynamics of (CaVPR-GO) were not affected
by the presence of GO at low ﬁller content, while for contents
higher than 2.5 vol.% the dielectric loss peaks began to be eroded in
the low frequency region unlike in the HVPR-GO in which they
were completely shielded [128].
As a conclusion, the parameters which ultimately affect the
dielectric properties of graphene-based elastomers are as with
most properties, the homogeneity and the reinforcing ability of the
ﬁller, along with the thickness of the specimen and the loading of
the ﬁller.
5.6. Barrier properties
The control and optimization of gas and liquid barrier properties
in polymer nanocomposites could be one of the most signiﬁcant
steps in the commercialization of these materials. Elastomers
generally have poor barrier properties, so the physical barrier that
the inorganic ﬁllers impose on the gases and liquids that are
attempting to ﬂow through the material is an obvious reason for
their use in elastomer-based nanocomposites. The application of
graphene in this class of materials is very important for this speciﬁc
goal, since its defect-free monolayers are impermeable to all gases
including helium [215]. Recently Su et al. found that the exceptional
barrier properties of multilayer graphitic ﬁlms can be attributed to
the high degree of graphitization of the laminates and little struc-
tural damage during the reduction process [216].
Several attempts have been made to enhance the barrier
properties of elastomeric materials, that possess large free volume
Fig. 22. (a) Representation of the two morphologies for the GO/NR nanocomposites, (b) oxygen permeability for the samples with the different morphologies, as a function of
volumetric fraction of graphene.
Reprinted (adapted) with permission from Ref. [132] Copyright 2014, American Chemical Society.
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[112,124,126,129,132e134,162,172,181,183,186,217]. The use of
graphene as reinforcement in this type of material, can form a
percolating network, that provides a “tortuous path” and so also
inhibits molecular diffusion through the matrix [10]. Once again,
the permeability as a function of the ﬁller content, can give indi-
cation about the state of dispersion of the ﬁller. In addition to the
dispersion of the ﬁllers and the formation of the percolating
network, the orientation of the ﬁller also plays a signiﬁcant role in
platelet-reinforced nanocomposites.
Wu et al. [134] compared the air permeability of a surface-
functionalized graphene oxide (SGO)/natural rubber (NR) com-
posite with that of a thermally-reduced graphene oxide (TRGO)/NR
composite. It was found out that the presence of wrinkles and
waves in the surface of TRGO due to the superheating process along
with the reduction of the diameter of the TRGO sheets, led to the
TRGO/NR composite having inferior gas barrier properties. From
this work it can be understood that the unavoidable wrinkling of
graphene that occurs during themixingwith thematrix always acts
negatively on the gas barrier properties of graphene/elastomer
composites. Therefore, since graphene without wrinkles is difﬁcult
to produce in practice, the preparation of an impermeable nano-
composite material is challenging.
Scherillo et al. [132] demonstrated the importance of a segre-
gated morphology upon the oxygen barrier properties of segre-
gated and non-segregated graphene oxide (GO)/natural rubber
(NR) nanocomposites. According to their ﬁndings, the formation of
a segregated network reduces signiﬁcantly the gas permeability
since the latex spheres become completely coated by impervious
GO platelets. The formation of this network can lead to a signiﬁ-
cantly longer diffusion path for low molecular weight molecules
(Fig. 22). This is another good example of the advantages of the
formation of a segregated network of ﬁllers; it increases simulta-
neously both the electrical conductivity and the gas barrier prop-
erties of the nanocomposite materials.
During the assessment of the liquid barrier properties of gra-
phene/elastomer nanocomposites, it has been found that additional
factors need be taken into consideration, such as the interaction of
the solvent with the graphene, the nature of the polymer, theinterface region, the clustering of solvent molecules and the crazing
or partial dissolution of the composites in the presence solvent
[112].
5.7. Swelling and vulcanization
Swelling measurements are commonly reported in literature for
the observation of the transport of solvent into the nanocomposite
and the determination of the crosslink density between the ﬁller
and the elastomer or between the macromolecular chains of the
elastomer [134,139,141,148,151,152,159,161,200]. The lamellar
nanostructure of layered graphene ﬁllers once again acts as a bar-
rier that hinders the permeation of the solvent with increasing ﬁller
content. Moreover, the formation of networks, between the ﬁller
particles/layers that hinder the movement of the macromolecular
chains or the strong interaction between the electron acceptor/
electron donating groups of the components of the system can act
favourably towards the apparent increase of crosslinking density.
For this reason, the graphene or graphene oxide which is used as
reinforcing agent is functionalized, in order to form strong bonds
with the matrix and increase the crosslinking density (Fig. 23). The
increased crosslinking network can contribute to the enhanced
mechanical and thermal performance of the ﬁnal nanocomposite.
This can also be veriﬁed from measurements of the torque/time
curves during the curing or processing of the graphene/elastomer
nanocomposites [130,134,138,141,146,148,152,172]. The curing
curves are normally shifted towards a shorter time with increased
ﬁller loading, which indicates an acceleration of the vulcanization
phenomenon, while the maximum torque values of the curing
curves may be increased by the presence of graphene.
6. Conclusions and perspectives
The synthesis and properties of graphene, graphene oxide and
graphene-based elastomeric nanocomposites have been reviewed.
It has been shown that both graphene and graphene oxide with
their unique assets can be utilized for a range of applications and
show excellent promise as reinforcing agents in high-end elasto-
meric nanocomposites. The combination of the desirable
Fig. 23. (a) Schematic representation of the effect of functionalization of graphene
oxide (GO) to the formation of crosslinks and linkages with the natural rubber (NR)
matrix (Reproduced with permission from Ref. [134] Copyright 2013, Elsevier) (b)
curing curves of graphene (GE)/natural rubber (NR) composites (Reproduced with
permission from Ref. [155] Copyright 2013, Elsevier). A colour version of this ﬁgure can
be viewed online.
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carbon nanotubes offer individually, makes graphene/elastomer
nanocomposite materials attractive, since their properties can be
exploited in a number of different ways.
The graphene structure, the number of layers, the speciﬁc sur-
face and the chemical functionalization of these ﬁllers all play a
major role in the ﬁnal performance of the reinforced elastomers.
Moreover, the variety of preparation methods that have been pre-
sented in this review offer alternative pathways, depending upon
the perceived application of the material. For example, solution
blending and in-situ polymerization produce composites with a
high degree of homogeneity for research purposes, but these pro-
cesses are very difﬁcult to scale up, while the environmental con-
cerns need also to be taken into account. On the other hand, the
conventional melt-mixing process with the use of multi-roll mills,
commonly employed in industry, may produce nanocomposites
with properties somewhat inferior than for other preparation
methods, but which may still be adequate for some applications.
The scaling-up of the production of high-quality graphene is a
determinant factor for the production on commercial scale of
elastomeric nanocomposites with useful properties.
The different processes being investigated for the production of
few-layer, high-quality graphene in bulk have been reviewed. The
properties of the graphene/elastomer nanocomposite materialsdepend intimately upon the preparation method which in turn,
affects the dispersion of the ﬁller and ultimately its ﬁnal physico-
chemical properties. The dispersion can be evaluated in several
ways; microscopy is always the default option for the direct
observation of the ﬁllers in the matrix, while the study of the
percolation threshold for properties such as the electrical conduc-
tivity, the gas permeability, the thermal stability or even the me-
chanical properties, offer indirect information on the state of
dispersion. The tuning of the structure/surface of the ﬁller to be
compatible with the elastomer can ensure an interaction between
the components of the system is also commonly employed for the
formation of a strong interface which will have a positive effect
upon the material. The modiﬁcation of the structure of the ﬁller or
the matrix, however, may improve a number of properties but
worsen others. It has been shown that random orientation can
improve the electrical conductivity, while the formation of an ori-
ented network of ﬁllers can improve the gas permeability or me-
chanical properties in certain directions. In this context, since it is
impossible to improve all properties in a nanocomposite simulta-
neously, the preparation method needs to be tailored each time for
the targeted application.
So far, the incorporation of graphene and graphene oxide in
elastomeric matrixes has been shown to lead to a signiﬁcant
enhancement in the mechanical, thermal and barrier properties.
Several preparation strategies were evaluated in terms of the
dispersion of the ﬁllers and the ﬁllereﬁller and ﬁllerematrix in-
teractions, while a number of characterization techniques were
discussed. As a general conclusion we can afﬁrm that the use of
graphene in this speciﬁc class of materials can overcome the some
of the disadvantages of elastomers and produce high-quality elas-
tomeric nanocomposites. On several occasions, it has been shown
that the combination of the choice of the type of graphene and
carefully-followed preparation methods can avoid the traditional
problems observed in such nanocomposites, such as low defor-
mation extensibility. It is clear that in the near future, this family of
materials will be able to ﬁnd use in both conventional and
advanced applications ranging from tyres, automotive components,
seals of all kinds, hydraulic hoses, footwear and water-proof
clothing to tribological, biomedical, aerospace, sensing devices
and nanoelectronics.
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